Members of the early growth response (EGR) gene family are rapidly induced after mitogenic stimulation of diverse cell types. The present work has examined EGR gene expression during differentiation of myeloid leukemia cells along the monocytic lineage and in activated monocytes. Low levels of EGR-1 transcripts were detectable in untreated U-937 and HL-60 leukemia cells. In contrast, treatment of these cells with 12-0-tetradecanoylphorbol-13-acetate (TPA) was associated with increases (within 1 h) in EGR-1 mRNA levels. The induction of monocytic differentiation by TPA and other agents was further associated with increases in EGR-2, but not EGR-3 or EGR4, mRNA levels in these cells. Treatment of resting peripheral blood monocytes with the macrophage colony-stimulating factor (M-CSF) was also associated with rapid (within 15 min) increases in expression of the EGR-1 and EGR-2 genes. The results of nuclear run-on assays demonstrate that EGR-1 mRNA levels are increased in part by transcriptional activation of this gene in M-CSF-stimulated monocytes. The results also demonstrate that both EGR-1 and EGR-2 mRNA levels are regulated at the posttranscriptional level by a labile protein that destabilizes these transcripts. Finally, we demonstrate that dexamethasone, an inhibitor of monocytic differentiation, blocks the associated increases in EGR-1 and EGR-2 expression. Taken together, the results indicate that the EGR-1 and EGR-2 early response genes are involved in the induction of myeloid leukemia cell differentiation along the monocytic lineage and in the activation of human monocytes. (J. Clin. Invest.
Introduction
The treatment of human myeloid leukemia cell lines with certain agents, including 12-0-tetradecanoylphorbol-13-acetate TNF, tumor necrosis factor; TPA, 12-0-tetradecanoylphorbol-13-acetate.
tion. The differentiated monocytic phenotype is characterized by growth inhibition, adherence, increase in monocyte surface members and induction ofa-naphthyl acetate esterase staining (1) (2) (3) (4) . Differentiation of myeloid leukemia cells along the monocytic lineage is also associated with a decrease in c-myc mRNA levels and induction of c-fins, macrophage colonystimulating factor (M-CSF), platelet-derived growth factor, and tumor necrosis factor (TNF) transcripts (5) (6) (7) (8) . Although multiple changes in gene expression thus occur during monocytic differentiation, the signaling pathways responsible for inducing these events remain unclear.
A variety of genes are rapidly and transiently activated when quiescent fibroblasts are stimulated with serum or growth factors. Many of these "immediate early response genes" code for transcription factors involved in nuclear signal transduction. One family ofthese genes which encodes nuclear proteins containing a leucine zipper DNA-binding motif includes the c-jun, jun-B, jun-D, c-fos, fos-B, and fra-1 genes (9) . (10) (11) (12) (13) (14) (15) (16) . Previous studies have demonstrated that the c-jun, jun-B, and c-fos genes are activated during TPA-induced monocytic differentiation (7, (17) (18) (19) (20) . Moreover, the finding that pretreatment with dexamethasone inhibits expression of these genes, as well as TPA-or dimethyl sulfoxide (DMSO)-induced monocytic differentiation, has implicated a role for Jun/ AP-l in this process (20) (21) (22) . In contrast, little is known about the regulation of the EGR gene family in hematopoietic cell differentiation.
The EGR-l gene encodes a 533-amino acid polypeptide with three tandem repeat units that conform to the consensus sequence for zinc binding (10) . EGR-l is induced during mitogenic stimulation ofa variety ofcell types including fibroblasts, epithelial cells, and B cells (23, 24) . Other related genes (EGR-2, EGR-3, EGR-4) have been identified with zinc fingers similar to those of EGR-1, but with dissimilarity elsewhere in the deduced amino acid sequence (15, 25 , and S. Patwardhan and V. P. Sukatme, unpublished data). The EGR-2 gene is also induced after growth stimulation of fibroblasts and lymphocytes (15) , thus demonstrating that expression ofthese genes is not restricted to one cell type. Moreover, the EGR-3 gene is induced in human lymphocytes by phytohemagglutinin (S. Patwardhan and V. P. Sukhatme, unpublished data), whereas less is known about the expression of the EGR-4 gene.
The present studies have examined EGR gene expression during monocytic differentiation. The results demonstrate that the EGR-I and EGR-2 genes are expressed during induction of human myeloid leukemia cells along this lineage. The results also demonstrate that these genes are expressed in human monocytes activated by M-CSF.
Methods
Cell culture. U-937 and HL-60 cells were grown at a density of 1-2 x 105/ml as previously described (18) . Peripheral blood monocytes were isolated and cultured as described (26) . Cells were treated with 32 nM TPA (Sigma Chemical Co., St. Louis, MO), 10 nM bryostatin (provided by Dr. George Pettit, Arizona State University), 1.5% dimethylsulfoxide (DMSO; Fisher Chemical Co.), 1 uM dexamethasone (Sigma Chemical Co.), 5 Asg/ml actinomycin D (Sigma Chemical Co.) or 5 pg/ml cyclohexamide (Sigma Chemical Co.).
RNA isolation and Northern blot analysis. Total cellular RNA was isolated by a modification ofthe guanidine-isothiocyanate technique as described (18) . The RNA (20 ,ug) was analyzed by electrophoresis in 1% agarose-formaldehyde gels, transferred to nitrocellulose filters, and hybridized to the following 32P-labeled DNA probes: (a) the 0.7-kb non-zinc finger insert of a murine Egr-l cDNA (10); (b) the 0.6-kb non-zinc finger HindIII/EcoRI EGR-2 insert from clone p80 (15) ; (c) the 1.0-kb non-zinc finger EcoRI EGR-3 insert from clone Zap 4 (S. Patwardhan and V. P. Sukhatme, unpublished data); and (d) the 0.6-kb non-zinc finger HindIII/EcoRI Egr-4 insert from clone 505 (S. Patwardhan and V. P. Sukhatme, unpublished data); and (e) the 2.0-kb PstI fragment ofa chicken #-actin DNA purified from the pAl plasmid (27) . Hybridizations were performed as described (18 
Results
Expression of the EGR-1 gene was initially studied in U-937 myeloid leukemia cells. EGR-I transcripts were at low to undetectable levels in untreated U-937 cells (Fig. 1 A) . In contrast, treatment of these cells with 32 nM TPA was associated with the appearance of 3.4-kb EGR-l transcripts at 1 h (Fig. 1 A) . Longer exposures to TPA resulted in down-regulation ofEGR-1 expression to undetectable levels at 24 h (Fig. 1 A) . The treatment of U-937 cells with TPA is associated with induction of monocytic differentiation (22) . Moreover, recent studies have demonstrated that DMSO similarly induces these cells along the monocytic lineage (21) . DMSO treatment also increased EGR-l gene expression (Fig. 1 B) . However, the DMSOtreated cells expressed both 3.4-and 1.8-kb EGR-1 mRNAs ( Fig. 1 B) . Furthermore, maximal levels of expression were achieved by 6 h and both transcripts remained detectable at 24 h of DMSO treatment ( Fig. 1 B) . Although the findings in U-937 cells suggested that EGR-l expression is induced during monocytic differentiation, other studies were performed with the HL-60 leukemia cell line. transcripts were increased by 30 min of TPA exposure, subsequently declined, and then were increased again at 24 h (Fig. 2  A) . Similar findings were obtained with bryostatin 1, a structurally distinct agent that activates protein kinase C (PKC) and induces monocytic differentiation (28) . However, whereas this agent also increased EGR-I mRNA levels by 30 min, maximal expression at 1 h was followed by down-regulation of these transcripts at 24 h (Fig. 2 B) . These findings indicated that EGR-1 gene expression is increased by a variety of different agents that act as inducers of monocytic differentiation. Similar studies were performed to monitor expression of the EGR-2, EGR-3, and EGR-4 genes. There was no detectable expression of the EGR-2 gene in untreated U-937 cells. However, treatment with TPA was associated with increasing levels of the 3.4-kb EGR-2 transcripts at 3-24 h (Fig. 3 A) . Similar findings were obtained in TPA-induced HL-60 cells (Fig. 3 B) . Furthermore, treatment of HL-60 cells with bryostatin resulted in the appearance of EGR-2 transcripts at 1 h and progressive increases in expression of this gene through 24 h (Fig. 3 C) . In contrast, there was no detectable induction of the EGR-3 or EGR-4 genes under these experimental conditions (data not shown). Taken together, these findings indicated that both EGR-I and EGR-2 transcripts are increased during monocytic differentiation, although the kinetics of induction differ for the two genes.
Nuclear run-on assays were performed to determine whether EGR-I and EGR-2 mRNA levels are regulated at the transcriptional level. EGR- 1 The absence of TPA-induced transcriptional activation suggested that EGR-I mRNA levels are regulated in part by a posttranscriptional mechanism. In order to study stability of the EGR-l transcript, U-937 cells were treated with TPA for 1 h to induce EGR-1 expression and then exposed to actinomycin D for various times to inhibit further transcription. The half-life of EGR-1 mRNA as determined by densitometric scanning was < 10 min (Fig. 5 A) . In contrast, inhibition of protein synthesis with cycloheximide was associated with increases in EGR-1 mRNA levels and stabilization of this transcript (tU = 36 min; Fig. 5 A) . Similar findings were obtained for EGR-2 mRNA levels. In U-937 cells treated with TPA for 24 h, the half-lives of EGR-2 transcripts in the absence and presence ofcycloheximide were < 10 and 40 min, respectively (Fig. 5 B) . These results indicated that the increases in EGR-I and EGR-2 mRNA levels during TPA-induced monocytic differentiation are regulated by a labile protein involved in the degradation of these transcripts.
Although the findings with myeloid leukemia cell lines demonstrate that the EGR- 1 induction of monocytic differentiation, other studies were performed with human peripheral blood monocytes. EGR-1 transcripts were at low to undetectable levels in resting monocytes (Fig. 6 A) M-CSF was associated with a rapid and transient increase in EGR-1 gene expression. This effect was concentration-ddpendent over a range of 10 to 103 U/ml (Fig. 6 A) . M-CSF treatment was also associated with expression of the EGR-2 gene. EGR-2 transcripts were maximally increased at 30 min of M-CSF exposure and then down-regulated to pretreatment levels by 3 h (Fig. 6 B) . The increase in EGR-2 expression was also dependent on the M-CSF concentration (Fig. 6 B) . Boiling the M-CSF (103 U/ml) for 30 min completely abrograted the effects ofthis agent on expression ofboth the EGR-1 and EGR-2 genes (data not shown). These findings indicated that the activation ofmonocytes with M-CSF is associated with EGR-I and EGR-2 expression. In contrast, there was no detectable induction of the EGR-3 and EGR-4 genes in the M-CSF-treated monocytes.
Run-on assays were performed to determine whether M-CSF induces transcription of the EGR-I gene in monocytes. Nuclear RNA was isolated from monocytes treated with 103 U/ml M-CSF for 15 min. The actin gene was constitutively active in resting monocytes and M-CSF had no detectable effect on this rate of transcription (Fig. 7 A) . Detectable levels of EGR-1 gene transcription were also found in untreated monocytes (Fig. 7 A) . In contrast, treatment of these cells with M- labeled EGR and actin probes. Intensity of the EGR-l and EGR-2 signals was determined by laser densitometry and normalized to that for the level of actin hybridization. The half-lives for both EGR-I and EGR-2 transcripts in resting monocytes were less than 10 min (data not shown). In M-CSF-treated monocytes, the half-lives for (o) EGR-1 and (m) EGR-2 were 32 and 38 min, respectively. (Fig. 7 A) . We also compared the stability ofthe EGR-1 transcript in resting and M-CSF-treated monocytes by inhibiting transcription with actinomycin D. The half-life of EGR-l mRNA in resting monocytes was < 10 min, whereas M-CSF treatment was associated with a prolongation ofthe half-life to 32 min (Fig. 7 B) . Similar findings were obtained for EGR-2. Although the rate ofEGR-2 transcription was below that detected in our run-on assays, stability studies demonstrated that the half-lives ofEGR-2 transcripts in resting and M-CSF-treated monocytes were < 10 and 38 min, respectively (Fig. 7 B) . Taken together, these results indicated that M-CSF regulates EGR-I gene expression in monocytes by both transcriptional and posttranscriptional mechanisms, whereas EGR-2 expression is regulated at least in part by a posttranscriptional mechanism in these cells. We have previously demonstrated that glucocorticoids inhibit induction of monocytic differentiation (20) (21) (22) . Consequently, we treated TPA-induced U-937 cells with dexamethasone to determine the effects of this agent on EGR-l gene expression. Although dexamethasone had no independent effect on EGR-l mRNA levels in U-937 cells, this glucocorticoid blocked TPA-induced EGR-l expression (Fig. 8 A) . Dexamethasone also inhibited the increases in EGR-I mRNA levels associated with M-CSF treatment of resting monocytes (Fig. 8 A) . Similar results were obtained in studies monitoring the effects of dexamethasone on EGR-2 expression in U-937 and monocytes (Fig. 8 B) . important subset ofthese genes codes for transcription factors. These include: (a) the c-fos, c-jun, and closely related leucine zipper genes; (b) a member ofthe steroid and thyroid hormone receptor family (29, 30) ; and (c) members of the EGR family. Previous studies have demonstrated that, in addition to proliferation, the c-fos gene is activated during differentiation of cells induced along the monocytic lineage (7, 17) . Other work has shown that the c-jun gene is also induced during monocytic differentiation (18) . Taken together with the finding that ectopic expression of c-jun induces differentiation of P19 embryonal carcinoma cells (31), these results have suggested that Jun/AP-l plays a role in regulating gene expression during differentiation. Thus, certain immediate-early response genes appear to function in events other than growth control. In this context, whereas the EGR-1 gene is induced by growth signals, recent studies have demonstrated increased EGR-1 mRNA levels during neural and cardiac cell differentiation (10, 32) .
The present results demonstrate that the EGR-I gene is also expressed during induction of monocytic differentiation. These findings were obtained in myeloid leukemia cell lines induced with a variety of agents. Low levels of 3.4-and 1.8-kb EGR-1 transcripts were detectable in uninduced U-937 cells. We have previously shown that these two mRNAs are coexpressed in BALB/c 3T3 fibroblasts (33) . However, treatment of U-937 cells with TPA or bryostatin was associated with increases in the only 3.4-kb EGR-1 transcript. Treatment ofHL-60 cells with these agents also resulted in increased expression of the larger transcript. These findings indicated that expression ofthe 3.4-kb EGR-1 mRNA is regulated by a PKC-dependent signaling mechanism. In contrast, treatment of U-937 cells with DMSO, an agent not known to activate PKC, increased expression of both the 3.4-and 1.8-kb transcripts. Although the basis for these patterns of EGR-I expression is unclear, the activation of distinct signaling pathways may differentially regulate this gene by alternate splicing mechanisms. Taken together, these findings indicate that EGR-I expression is increased by different classes ofagents that induce the monocytic phenotype.
The treatment of resting human monocytes with M-CSF also resulted in induction ofEGR-I transcripts. This effect was associated with the acquisition of a more differentiated monocytic phenotype as characterized by the rapid (within 30 Kufe, unpub- lished data). Whereas nuclear run-on assays demonstrated transcriptional induction ofthe EGR-1 gene in activated monocytes, and not in TPA-treated myeloid leukemia cells, mRNA stability studies indicated regulation by a posttranscriptional mechanism in both cell types. The findings that a labile protein is involved in turnover of EGR-1 mRNA during monocytic differentiation is in concert with the presence of two AU-rich regions in the 3' untranslated region of this transcript which may mediate selective mRNA degradation (37) .
The present results similarly demonstrate increases in expression of the EGR-2 gene in myeloid leukemia cells induced (15, 25) . Although our nuclear run-on assays were unable to detect rates ofEGR-2 transcription for comparison with EGR-1, the present findings demonstrate that EGR-2, like EGR-1, gene expression is regulated by a posttranscriptional mechanism during monocytic differentiation. The EGR-2 transcript also contains AU-rich sequences in the 3' region and was stabilized by treatment with cycloheximide. Although there are thus certain similarities between the regulation of these genes during differentiation, the different kinetics during induction of myeloid leukemia cells by TPA suggest that other distinct mechanisms of regulation may occur at the transcriptional level. Indeed, induction of PC12 pheochromocytoma cell differentiation with nerve growth factor is associated with EGR-1, but not EGR-2, gene expression (15) . Moreover, the absence of detectable changes in EGR-3 and EGR-4 expression in the present studies further indicates that members of the EGR gene family coinduced during mitogenic stimulation are regulated by distinct mechanisms during monocytic differentiation.
We have previously demonstrated that the EGR-1 gene maps to chromosome 5 (5q23-3 1) (10). Deletions involving the long arm ofchromosome 5, particularly 5q3 1, are detectable in nearly half of patients with therapy-related acute myelogenous leukemia (38) . Moreover, 5q-is found in > 70% of patients with certain types of myelodysplasia, particularly refractory anemia with excess blasts (38) . Of interest, while genes for a number of growth factors and receptors are clustered near this region, EGR-1 and the glucocorticoid receptor are the only known genes coding for proteins with transcriptional regulatory activity. A decrease in EGR-1 expression by allelic deletion could contribute to loss of growth control or the ability of myeloid cells to undergo differentiation. The up-regulation of EGR-1 expression during induction of monocytic differentiation would support this hypothesis. Of interest, EGR-I shares homology with the Wilms' tumor susceptibility gene which also codes for a zinc finger DNA binding protein (39) . In contrast, the EGR-2 gene has been mapped to a region (lOq21-22) not recognized for structural rearrangements in myeloid leukemias (15) .
Finally, we have recently demonstrated that dexamethasone inhibits activation ofc-jun transcription during induction of monocytic differentiation (40) . Studies in other cells have shown that the activated glucocorticoid receptor binds to Jun/ AP-I and interferes with activation of the TPA-responsive element (41) (42) (43) . Dexamethasone may therefore block c-jun expression during monocytic differentiation by inhibiting autoregulation of c-jun transcription. The present studies demonstrate that dexamethasone similarly inhibits EGR-I and EGR-2 gene expression in both TPA-treated myeloid leukemia cells and activated monocytes. The basis for this effect remains unclear. Nonetheless, the inhibition of both c-jun and EGR expression by dexamethasone may prevent the coupling of early biochemical signaling events to long-term changes in gene expression. Indeed, this glucocorticoid inhibits appearance of the monocytic phenotype, including the induction of TNF and c-fms expression (20) (21) (22) .
